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EFFECTS OF DOUGLAS-FIR FOLIAGE AGE CLASS
ON WESTERN SPRUCE BUDWORM OVIPOSITION CHOICE
AND LARVAL PERFORMANCE
Kimberly A. Dodds!, Karen M. Clancy 2, Kathryn J. f..cyvu3 ,
David Greenberg3, and Peter W Price3
AJjSTRACT.-The western spruce budworm (Choti.stoneura occidentalis Freeman) prefers to feed on flushing buds

and current-year needles of Douglas-fir (Pseu(lo~'Uj!,a menziesii [Mirb.] Franco). BudwOTJ11 larvae will not typically consume older age classes of needles unless all current.yenr foliage is depleted. We tested the following null hypotheses:
(1) budworm lalV3e can feed on foliage with a wide range ofqualiti~ (i.e., current-year ver:;us 1-,2-, or 3-Y~\H)Jd needles)
without measumble effects on fitness; and (2) budwonn adults do not show allY oviposition preference [inked to the age
of the foliage they led on as larvae. We used hoth laoomtory and field expeliments. There was strong evidence to support rejection of hypothesis 1. Budwonn larvae had greater survival from the 4th instar to pupal stage whtm they fed on
currt::nt-year foliage (43%--52% survival) versus older age c1asse.<; of foliage (0-25% survival). Pupae from current-yt::<lr
foliage were also heavier than pupae from > I-year.old foliage. There wa<; weak evidence to support rejecting hypothesis
2; budworffi adults that had fed on current~year or 3-ye."tr-old foliage as larvae preferred to oviposi.t Oil cun-eut-year
foliage. Similar conclusions were dmwn from the labordtory and field experiments.

Key ~: Choristonellnl ()(:ddentalis, western spru<::e budwonn. oviposiUon lJrejen:nce, needle age, foliar quality,
emptive species.

The western spruce budwonn (Chomtoneura occUkntalis Freeman) is a major defoliator of Douglas-fir (Pseudotsuga menziesii
[Mirb.] Franco) trees in western North America (Fellin and Dewey 1982, Wulf and Cates
1987, Clancy et.1. 1988). Budworm larvae prefer to feed on the flushing buds and currentyear needles of their host trees. However, if aU
current-year foliage is depleted, larvae will
feed on older needles (Fellin and Dewey 1982,
Talerico 1983, Blake and Wagner 1986). Previous experiments by Talerico (1983) and Blake
and Wagner (1986) show older fpliage is suboptimal, resulting in reduced fecundity, higher
mortality rates, and impaired development.
Wben budwonn larvae are forced to feed on
only mature foliage, they have reduced growth,
lower pupal weights, and decreased survival,
or they may not survive at all (Blake and Wagner 1986).
Variations in host foliage quality may influence the feeding and oviposition behavior of
the western spruce budworm (Clancy et al.
1988). Differences in levels of foliar nutrients,
water content, needle toughness, etc., between
cUlTent-year and older (;:, l-year-old) age classes

of needles impact the hudworrn's fecundity,
growth rate, and survivorship (Mattson and
Scriber 1987, Clancy et al. 1988, Clancy 1991b,
1991e), and may influence female oviposition
choices.
However, the budworm's oligophagous feeding behavior and eruptive population dynamics
suggest it is unlikely that there is a tight linkage between female oviposition preference
and larval performance (Price et al. 1990).
Female moths do not detennine where their
offspring will feed. Budworm adults lay eggs
on mature foliage in late summer (Furniss and
Carolin 1977, Brookes et al. 1987); upon hatching, tbe 1st instars (which do not feed) disperse to sheltered locations (e.g., beneath bark
scales), where they spin a hibernaculum and
overwinter. When larvae emerge from their
hibernacula the following spring, they disperse
again (typically on silken threads) to find appropriate food sources. The budworm's life history suggests that neither adults nor larvae
actively select host foliage based on differences in nutritional quality among individual
host trees. Instead, larvae passively disperse
from their overwintering sites and may land

lDep.utmentof H>restry, Northern Arizona Uni-mt)lllm 15018, Ftagstill. AZ 86011.
2Rod<.y Mountain R>rost au.t IU.nge Elpo:mment Sl:1tion, USDA Rlres~ SeMue Research. 2500 S. PilVl KOflU Ort..... Flag,staff. AZ 86001.
3JJep;ll'trneflt ofHiologiClll ScI~noeI, Northern ArlT,ONi University, Bux 5640. ~tafI; AZ860ll.
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on acceptable food sources. Once larvae are
on a host tree, they search for expanding current-year buds and needles. If suitable foliage
is not available. larvae can disperse horirontally or vertically within and between tree
crowns and stands, but dispersal invariably

2nd instars emerge from diapause, feed through
the 6th insta.t; and pupate in late June or early
July. Adults eclose within 10 d. Our laboratory
population of nondiapausing western spruce
budworm differs in that there is no overwin-

tering stage.

results in significant losses; whether dispers~

ing larvae live or die depends largely on
whether they find hospitable sites (Brookes et
al. 1987). Therefore, the ability to utilize a
broad range of foliage qualities would be
advantageous for budworm survival.
This study was designed to compare results
from laboratory and field tests of the null
hypotheses that (1) budworm larvae can feed
on foliage with a wide range of qualities (i.e.,
current-year versus 1-, 2·, or 3-year-old needles) without measurable effects on fitness;
and (2) budworm adults do not show any
oviposition preference linked to the age of the
foliage they fed on as larvae. FUrthermore, we
wanted to determine if conclusions drawn

from laboratory versus field experiments were
similar. This is important because many previ-

ous studies conducted with budworms and
other forest defoliators have used clipped
foliage without knowing the effects this may
have on foliar nutrition or host defenses. By
conducting parallel experiments using intact
and excised foliage from the same trees, we
were able to evaluate the importance of
changes in foliar quality that may be associated with bagging larvae on intact branches in
the field versus feeding larvae excised foliage
in the laboratory.
STUDY AREA AND ORGANISMS

The study area is located at Little Springs
(elevation 2560 m), 16 km north of Flagstaff,
Arizona, within the Coconino National Forest.
The site is a high-elevation, mixed-conifer forest, with Douglas-fir as the primary host species
and with a recent history of western spruce
budworm infestation.
The western spruce budworm has a univol-

tine life cycle. Adults are present from July to
August. with mating typically occurring within
24 h of eclosion. Eggs are laid soon after mating; females lay between 25 and 40 eggs per
egg mass (Brookes et al. 1987). Eggs hatch in
about 10 d; after dispersing to sheltered locations and spinning a hibemaculum. larvae molt
into 2nd instars and overwinter. In spring, the

METHODS

Field Experiment
To determine larval performance in the
field, we selected and tagged 50 Douglas-fir
trees of various sizes and ages on 1-2 June
1993. All tagged trees had abundant foliage in
the lower crown. Sleeve bags made of fine
mesh screen were placed over 4 branches on

each of the 50 trees, and each bagged branch
was randomly assigned to a foliage age class
(current-year, I-year-, 2-year-, or 3-year-old
needles). We removed by hand aU needles that
were not of the appropriate age class. Any wild
budworms present on the bagged branches
were also removed.
On 4 and 8 June, two 4th or early 5th instar
budworm larvae from Our laboratory culture
were placed on foliage inside each bagged
branch (a total of 400 larvae were used); this
constituted the parental (PI) generation. We
have established that budworm larvae from
our laboratory cuJture have rates of survival

and reproduction equivalent to wild budworms when reared on Douglas-fir foliage in
the field (Leyva et al. 1995). Bags were closed
with string or duct tape at each end. We examined the bagged branches on 20 June to determine if sufficient foliage remained for completion of larval development. Pupae were not
observed at this time.
Budworm larvae remained in the field until
about half of them had pupated, and then the
bagged branches were clipped, placed inside
large plastic bags, and transported to the laboratory. Pupae were weighed (to the nearest 0.1
mg), sorted into trays according to treatment
(foliage age class) and sex, and then refrigerated at 10°C until we obtained 10 males and
10 females from the same treatment. Larvae
that had not pupated were placed io labeled
petri dishes lined with moist filter paper. Douglas-fir foliage of the appropriate age class was
provided for them to feed 00 until they
pupated; this foliage was collected at random
from tagged Douglas-fir trees at the study site.
Foliage was replaced every 2--3 d to ensure
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freshness. Petri dishes were checked each Monday, Wednesday, and Friday to remove and
weigh new pupae (these were also sorted and
refrigerated).
When 10 pairs of male and female pupae
were available from a treatment, they were
placed in a brown paper mating bag; oviposition preference tests for both field and laboratory experiments were conducted in the labo·
ratary. Brown paper bags provided appropri-

ate lighting conditions both for mating (which
occurs from 2000 to 2300 h in nature), when
only safety lights were on in the laboratory at
night, and for oviposition (which normally
occurs the day following mating), when all lights
were on during the day (i.e., bags are not
opaque). Bags were checked every other day
until 5 or 6 moths emerged; then branches of
freshly clipped Douglas-fir foliage were added
for oviposition substrate. Once foliage was
added, moths were allowed to mate and oviposit
for 7-8 d. Mter oviposition occurred, Douglasfir branches were removed and inspected for
egg masses. These F 1 egg masses were sorted

according to treatment (foliage age class) to de-

137

foliage used in this experiment was collected
from the same 50 trees we used for the field
experiment. Four hundred 4th instal' budworms were placed on excised foliage in petri

dishes lined with moist filter paper, 2 larvae
per dish. Fifty petri dishes were used per
foliage age class treatment (current-year, 1year-, 2-year-, and 3-year-old needles), corresponding to the 50 trees used in the field
experiment. Needles of the appropriate age
class were left attached to the stem to prevent
desiccation of foliage. Foliage was replaced
every 2-3 d to ensure freshness. Petri dishes
were labeled according to the tree number
and foliage age class. If a single larva or both
larvae in each petri dish died before pupation,
they were replaced with new larvae from our

laboratory culture. Otherwise, we used the same
procedures for the laboratory experiment as

for the field experiment.
RESULTS

Effects of Foliage Age Class on
PI Survival and Pupal Weight

termine if female moths showed a preference for

Budworm larvae that consumed current-

ovipositing on a particular age class of foliage.
The F, egg masses collected were surfacesterilized with formalin and placed into labeled

year needles of Douglas-fir in the field experiment had higher survival rates from 4th instal'
to pupal stage (43% survival) compared to larvae that fed on 1-year-old (2% survival), 2year-old (1% survival), or 3-year-old (0% survival) needles (Fig. lA) (X 2 = 130.19, df = 3, P
< 0.001, n = 400). We believe that many of
the larvae bagged on the branches with only
> 1-year-old needles to feed on escaped from

cups containing an artificial diet nutritionally

similar to Douglas-fir foliage (Clancy 1991a).
F ,larvae were reared on the diet until the 4th
or early 5th instal' stage, after which they were
placed in labeled petri dishes lined with moist
filter paper. Douglas-fir foliage of the same
age class that their parents consumed was pro-

vided for them to feed on until they pupated;
this foliage was collected at random from tagged
Douglas-fir trees at the study site. These larvae were not placed in the field because it was

too late in the season for conditions suitable
for budworm development. Foliage was replaced
every other day to ensure freshness. F 1 larvae
were reared on foliage within petri dishes

until they pupated; pupae were handled in the
same manner as in the first generation.

Laboratory Experiment
This study was conducted to determine if
laboratory experiments using excised foliage

would yield results similar to those from field
experiments using intact foliage. The experi-

ment was started 24 June 1993. Douglas-fir

the mesh bag enclosures, so it may be more
appropriate to refer to this response as "per-

cent larvae accounted for" rather than "percent
larval survival." Larvae from older foliage age
class treatments were more likely to escape
because buclworm larvae tend to disperse when
suitable food is not available, and our bags

were not so tightly sealed that larvae could not
wriggle out through small openings along the
seams or closures at the ends.

The age class of foliage ingested had a similar effect on survival from 4th instal' to pupal
stage in the laboratory experiment (Fig. IB)
(X 2 = 59.46, df = 3, P < 0.001, n = 727).
Approximately 52% of larvae that consumed
current-year needles survived. Survival was

25% for larvae consuming 1-year-old needles,
18% for larvae feeding on 2-year-old needles,
and 20% for larvae eating 3-year-old needles.
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Fig. 1. Percentage of Pi 4th instar western spruce budworms surviving to the pupal stage when reared on curreot-, 1-,2-, and 3-year-old Douglas-fir needles for the (A)
field experiment and (B) laboratory experiment. X'2 tests
showed that survival varied among the foliage age classes
for both the field (P < 0.001) and laboratory (P < 0.001)
experiments. Numbers above the bars indicate sample
sizes, i.e., number ofbuuworm larvae used per treatment.

Foliage age class did not have a significant
effect on pupal masses for the field experiment (F = 1.97, df = 2,41, P = 0.152; Fig. 2).
This inability to detect differences among
foliage age classes can be attributed to the
very small sample sizes (n = 0-2) for > 1-yearold foliage. As expected, female pupae were
heavier than male pupae (F = 20.39, df =
1,41, P < 0.001).
There were detectable differences in pupal
masses among different foliage age classes for
the laboratory experiment (F = 36.47, df =
3,182, P < 0.001; Fig. 3). Larvae consuming
current-year foliage became much heavier
pupae than larvae feeding on > 1-year-old
foliage. Ouce again, female pupae were bigger
than male pupae (F = 14.70, df = 1,182, P <
0.001).
Effects of Foliage Age Class on
Oviposition Preference of PI Females
Sample sizes for the field experiment were
not large enough for data analysis (n = 2 egg
masses), but a contingency table analysis of
data from the laboratory experiment indicated

Fig. 2. Mean (+2 s, or ",,95% confidence interval) Pi
male (.) and female (0) pupal weight for larvae reared
from the 4th instar to pupation on foliage of different age
classes in the field experiment. ANOVA tests showed that
foliage age class did not affect pupal weight (P ::::: 0.152)
and that females weigh more than males (P < 0.001). Bars
without standard errors had a sample size of tl ::::: 1.

a dependence between age class of foliage on
which the PI female was reared and age class
offoliage on which the moths laid their F I egg
masses (P = 0.017; Table 1). This was not a very
strong test of the hypothesis hecause there
were many zero values in the table, which
required that 1-year-, 2-year-, and 3-year-old
age class columns and rows be combined to
meet requirements for minimum expected cell
frequencies. Furthermore, many F1 egg masses
were very small (areas < 3 mm2 ); such small
egg masses are nearly always inviable and are
prohahly aberrant (Leyva et al. 1995). Nonetheless, the distrihution of F I egg masses indicated that moths reared as larvae on currentyear or 3-year-old foliage laid more of their F I
egg masses on current-year needles than on
older age classes of needles.
Effects of Foliage Age Class on
F I Survival and Pupal Weight
Only 2 F I egg masses were produced from
the field experiment. This precluded analyzing data on survival or pupal weights for this
experiment. For the laboratory experiment, we
found a significant difference in survival from
4th instar to pupal stage hetween larvae reared
on current-year (83.3% survival) versus 3-year11.78, df
old (30.8% survival) needles (X 2

=

=
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(Fig. 1) and pupal masses (Figs. 2, 3) declined
for larvae feeding on > l-year-old needles
compared to larvae feeding on current-year
foliage. The same patterns in relation to the
effects of foliage age on survival were evident
for both the P j and F j generations of the laboratory experiment. It is well established that
the nutritional quality of Douglas-fir needles
declines rapidly as current-year needles age
(Clancy et al. 1988, 1995). Furthermore,
Clancy et al. (1995) point out that
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l-yr-old

2-yr-old

3-yr-old

Foliage Age Class
Fig. 3. Mean (± 2

or ",,;95% confidence interval) PI
male (.) and female (D) pupal weight for larvae reared
S,

from the 4th instar to pupation on foliage of different age
classes in the laboratory experiment. ANOVA tests
showed that foliage age class had a significant effect on
pupal weight (P < 0.001), as did sex (P < 0.001).

1, P = 0.0006, n = 44). Sample sizes were 0
for l-year- and 2-year-old needles. This result
was consistent with results for the PI generation in that survival was higher for larvae
reared on current-year foliage than on 3-yearold needles.
However, F 1 pupal masses were equivalent
for pupae from current-year and 3-year-old
foliage (F = 1.14, df = 1,19, P = 0.299). As
before, female pupae were larger than male
pupae (F = 6.01, df = 1,19, P = 0.024).
DISCUSSION

Although the western spruce budworm's
life history and population dynamics suggest
that larvae should be able to utilize a broad
range of foliage qualities, OUf results confirm
previous studies that indicate the budwonn is
not well adapted to feeding on l-year-old or
older needles (Talerico 1983, Blake and Wagner 1986). Thus, we must reject hypothesis 1
and conclude that the budworm cannot feed
on foliage with as wide a range in qualities as
is found in current-year versus > l-year-old
needles without measurable effects on fitness.
We found that whether budworm larvae were
feeding on bagged foliage in the field or on
excised foliage in the laboratory, larval survival

the general pattern for I-year or older needles of
conifers is typically an extension of the seasonal
trends for nutrient concentration changes in current-year needles.

Needle toughness and fiber content also
increase as foliage matures, thus making older
needles less suitable food for tbe budworm.
On the other hand, the fact that budworm larvae could survive at all when reared on older
age classes of needles may indicate that their
nutritional niche is indeed broad, as suggested
by Price et al. (1990) and Leyva et al. (1995).
We found less-conVincing evidence to support rejection of hypothesis 2, but nonetheless
we conclude that budworm adults may show
an oviposition preference that is linked to the
age of the foliage they fed on as larvae (Table
1). Budworm females that fed as larvae on current-year foliage laid more egg masses on current-year needles than on older needles; females
reared on 3-year-old foliage also laid more egg
masses on current-year needles. This result is
surprising because the budworm typically oviposits on mature foliage (Brookes et al. 1987,
Price et al. 1990). However, many egg masses
from our experiment were very small and are
most likely aberrant (Leyva et al. 1995); thus,
we suspect this may not represent normal
oviposition behavior for the budworm. If we
remove these very small egg masses from the
data set, most egg masses were laid on 3-yearold needles, indicating the budworm does
indeed prefer to oviposit on mature foliage.
An alternative explanation may be that female
moths distribute egg masses randomly across
age classes of needles available. Current-year
needles represent a small proportion of total
needles present under natural conditions, and
they may be nearly absent when defoliation is
heavy. Thus, our result could be an artifact of
providing an atypical distribution of needle
age classes for oviposition substrate.
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TABLE 1. Distribution of F 1 egg masses of the western spruce budwonn laid on current-, 1-, 2-, or 3-year-old needles
of Douglas-fir, in relation to the age class of the foliage on which the PI moths were reared~.

Age class of foliage on which
PI female was reared b

Age class of foliage
on which F 1 egg
masses were laid
Current-year

I-year-old
2-year-old
3-year-old

Current-year

27
6

5
11

l-year~old

2-year-old

3-year-old

o
o
o
o

o
o
o
o

14

o
1

o

UD:ltilllre the numher of F j egg masses from the lahoratory experiment. 1be distrihution of egg masses was examined for row-column dependence u~ing a Z x Z
contingency table (current-yellr versus;:>: l-year-old foliage; older foliage age classes were oombined in order to meet ~q\llremellts for minimum expected cell
freqllencies); Yates-corrected r"z '" 5.725, df '" 1, P "" 0.017, II '" 64.
hP I hudworm brvae were reared on foliage of different age classes from the 4th instar to pupation.

Conclusions from the field versus laboratory experiments were similar in regard to the
effects of foliage age class on larval survival
and pupal masses. This indicates that foliar quality does not change dramatically when foliage
is excised (at least not over a 2-3 d period),
nor does intact foliage on bagged branches
change markedly in terms of a local or systemicinduced response to budworm defoliation.
It is noteworthy that pupae from the currentyear foliage treatment in the field experiment
were heavier than equivalent pupae from the
laboratory experiment (Figs. 2, 3). This difference may well be related to the 15-19 d delay
between the start of the field experiment (initiated on 4 and 8 June 1993) and the beginning of the laboratory study (initiated on 24
June 1993), with the concomitant decline in
nutritional quality of the expanding currentyear foliage. Alternatively, current-year needles
remaining on bagged branches could have
acted as a local nutrient sink in the absence of
competing older needles, which were removed.
Thus, larvae feeding on bagged branches with
current-year foliage may have benefited from
this improved nutritional quality, whereas larvae that were fed clipped foliage in the laboratory experim~nt would not have received this
nutritional boost
Survival rates were higher overall in the
laboratory experiment than in the field experiment (Fig. 1). We attribute this difference to a
combination of factors. For example, larvae on
bagged branches in the field were exposed to
some predation since the bags were not perfect barriers. Also, some budworm larvae undoubtedly escaped from the bags, and weather
could have played a role in the lower survival
oflarvae in the field.
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